The Landsat 5 Thematic Mapper provides high quality imagery appropriate for a wide array of applications, including land cover characterization and classification, change detection and estimation of ecologically significant biophysical parameters. However, most of the data analyzed by the user community are not corrected for a number of prevalent radiometric or geometric artifacts, nor are the data usually corrected for atmospheric effects. Consequently, the quantitative potential of Landsat Thematic Mapper data may not be fully realized. The primary hypothesis in this project is that improvements in radiometric and geometric calibration will result in improvements in our ability to characterize the Earth's surface. The radiometric artifacts being assessed include memory effect and scan correlated shift. Both have varying levels of impact on scene quality, depending in part upon the nature and complexity of the landscape. These artifacts have been characterized sufficiently such that they now can be removed from the imagery. While the effects of these artifacts on the imagery are relatively subtle, preliminary results indicate that they may have significant impacts upon the statistical properties of the data, which in turn may modify classification results. The geometric artifacts being investigated include those affecting band to band offsets and locational accuracy of pixels. The former artifact is being characterized in Landsat 5 imagery, and the effect on applications such as classifications and change detection needs to be quantified. It is anticipated that knowledge gained from this study will help in the radiometric and geometric processing of Landsat 7 TM data. Results from various classification tests indicated that relatively minor radiometric and geometric modifications resulted in significant changes in classification results. levels and rates of deforestation (e. g. [I] ). While many landscape properties can be appropriately assessed using relatively coarse scale sources of data (e.g. the National Oceanic and Atmospheric Administration's Advanced Very High Resolution Radiometer), many others are best mapped and quantified using data with finer spatial resolution properties. Sensors on the Landsat series of satellites, including the Enhanced Thematic Mapper Plus ( E m + ) onboard Landsat 7 (scheduled for launch in 1999), are especially appropriate for assessing many landscape-level phenomena, including habitat fragmentation, urbanization, wetland degradation, and forest deforestation and forest decline (e.g
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Implicit in the above discussion is the need for accurately calibrated data sets. Radiometric and geometric corrections are fundamental operations that attempt to remove instrument artifacts and atmospheric path degradation from the data. Various levels of calibration are possible, and each level leaves residual errors of differing types. These errors propagate through applications of the data and lead to results that also contain errors. Although radiometric and geometric accuracy can be quantified, it is unclear how these errors affect data applications and models derived from the data.
The purpose of this project is to explore the radiometric and geometric characteristics of Landsat 5 TM data and, eventually, Landsat 7 ETM+ data, and to determine the effects of various levels and types of calibration on the types of land cover products pertinent to a wide range of users. An underlying premise of this work is that the corrections will have variable impacts on final land cover products, and that it is important to evaluate the impacts of these corrections.
RADIOMETRY INTRODUCTION
Accurate information regarding land use and land cover change is critical to many different groups and agencies. Within the global change research community, such information is valuable for modeling global carbon fluxes, understanding global hydrologic cycles, and for estimating The radiometric accuracy of data returned from the TM is degraded by the presence of several noise signals that manifest themselves as artifacts in the resulting image products. There are three primary radiometric artifacts that exist: memory effect (ME), scan correlated shift ( S C S ) and coherent noise (CN). All three artifacts are normally difficult to observe in U S . Government work not protected by U.S. copyrightthe imagery except in spectrally homogeneous areas. A thorough treatment of Landsat TM artifacts and characterization is provided elsewhere [4] . The information most pertinent to the current investigation is briefly summarized below.
Of the three artifacts, ME can cause the most significant errors in radiometry, on the order of several digital numbers near transitions between bright and dark regions. Memory effect appears as a periodic pattern of dark and light 16-linewide bands in the imagery near transitions. This artifact is not constant within a scan, but dies out with distance from intensity transition boundaries. SCS is a sudden change k the bias of the detectors that occurs in the time interval between scans. All detectors change at the same time, but with different amplitudes. The amount of change is typically small, on the order of one digital number or less. CN is the least offensive of thee three radiometric artifacts, introducing uncertainties on the order of 0.25 digital numbers or less.
Within this study, ME was removed according to described procedures [4] . Detector bias was subtracted on a scan by scan basis, which removes SCS as well. Due to its small magnitude, CN was not removed. Differences in detector gain were accounted for by applying relative detector gains.
GEOMETRY
One of the geometric artifacts that can adversely affect imagery is band-to-band misregistration, which can cause different geographic locations for each band of the imagery. Band-to-band misregistration is first characterized by trying to measure the between band offset for each band combination (i.e. band 1 to 2, 1 to 3, and so on). This is done by first producing a set of images with matching pixel resolutions for each band combination. The higher resolution bands are reduced in resolution by a gaussian pyramid approach so that each band of higher resolution has a matching lower resolution image.
Once this is completed all band combinations have a set of "windows" extracted from the images.
The images extracted must have matching resolutions. Each window than has a grey scale correlation performed on the corresponding pairs. This produces a set of measured offsets for each band combination. These measurements are checked for outliers and the outliers are removed.
Once a set of measurements is made for each combination, the measurements are related back to the focal plane by using an inverse model approach. This will give measurements as they relate to the focal plane of the sensor. A weighted least squares approach can then be used on these measurements to define a set of corrections. The corrections are new band center locations which best fit the set of measured betweenband offsets. For this experiment, the between-focal plane (warm and cold) band placement was found to have changed very little. However, the across-focal plane placement was found to have been adjusted by a maximum of 0.33 pixels. 
STUDY AREAS

CLASSIFICATION TEST
A Landsat TM data set acquired on July 16, 1997 from the Brookings, SD site was processed three different ways: (1) no radiometric artifact removal and no band-to-band registration corrections applied; (2) radiometric artifacts (ME and SCS) removed, but no band-to-band corrections performed; and (3) radiometric artifacts removed and band-toband corrections applied. The first scenario most closely approximates the type of data accessible to most users. The third scenario represents the most precise (i.e. the "best") data set of the three. It should be noted that the radiometric and geometric changes did not appear to modify the general appearances of the imagery, and that the three data sets, when displayed in the image processing environment as three band composites, looked very similar. Only when one data set was overlayed onto another and "flickered" could differences be readily visualized.
Three maximum-likelihood supervised classifications were run on subsets of the three data sets (one for each data set representing the same area encompassing approximately 2.8 million pixels). This was done in order to determine if the various calibrations had any impacts on the classification data acquired several days after the satellite overpass. These areas were circumscribed on-screen using the TM data set with no corrections applied. This polygon data set was saved as a vector coverage and used for classifying the remaining two data sets at a later stage. Training areas included the following land cover types:
corn, wheat, soy beans, hay/pasture, urban, wetlands, water and gravel. The first supervised classification was run for the data set without the results. Twenty-eight training areas were selected using field Table 1 . Degree of similarity (percentage of pixels with the same class numbers) for three "Data Set 1 vs Data Set 2" classification comparisons. "No" vs "Yes" refers to whether or not radiometric or geometric alterations were made to the data sets. radiometriclgeometric corrections using the statistics of -all pixels from within the training polygons. Supervised classifications were then run on the two remaining data sets using the same 28 training sites (with the same polygon coordinates), but using the polygon statistics from the data set being classified.
Analyses of the results from the above classifications indicated that the ostensibly minor radiometric and geometric calibration changes had rather pronounced effects on the statistical properties of the resulting classification data sets. The total number of pixels per class often differed by over 10 percent, and sometimes varied by as much as 30 percent among the three data sets. As might be expected, the more homogeneous and unique land cover units (e.g. water) appeared to have the highest level of consistency among data sets, whereas the heterogeneous andlor spectrally non-unique land cover units (e.g. urban areas, soy beans) often had the lowest level of consistency among data sets.
While comparisons of the number of pixels per class among data sets yield some useful information regarding levels of similarity, a more informative approach is to spatially crosscompare the data sets to determine the number of pixels that have the same class value.
Pair-wise classification comparisons made and degree of similarity are summarized in Table 1 . Depending upon the comparisons being made, from 24 to 37 percent of the pixels had different class numbers. When the classifications were recoded into eight land cover classes (wheat, corn, soy beans, haylpasture, urban, water, wetlands, gravelhare), and similar cross-comparisons were performed, the degree of similarity increased only slightly.
SUMMARY AND FUTURE PLANS
While radiometric and geometric corrections applied to the Th4 imagery seemingly had only minor effects on visual aspects of the imagery, the changes had relatively large impacts on the statistical properties of the data, as manifested by differences among the supervised classifications. It needs to be emphasized, however, that the nature of these differences as they relate to classification accuracies remains unclear. Plans are to conduct similar analyses in the other study areas. Additionally, effects on other applications will be investigated, including change detection and landscape metrics. Another direction of future research will be to investigate the effects of atmospheric calibration on applications results. For the Brookings test area, the data set that has been corrected for radiometric artifacts and band-toband misalignment will be further processed using sun photometer and shadowband radiometer data acquired during the time of the satellite overpass. This will yield a fourth data set representing the highest level of calibration currently available with which to compare with the other data sets. A suite of four data sets per scene for all test areas is envisioned for other comparisons in the future.
